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Given limited seismic coverage of the lowermost mantle, less than one-ﬁfth of the core-mantle boundary 
(CMB) has been surveyed for the presence of ultra-low velocity zones (ULVZs). Investigations that sample 
the CMB with new geometries are therefore important to further our understanding of ULVZ origins 
and their potential connection to other deep Earth processes. Using core-reﬂected ScP waves recorded 
by the recently deployed Transantarctic Mountains Northern Network in Antarctica, the current study 
aims to expand ULVZ investigations in the southern hemisphere. Our dataset samples the CMB in the 
vicinity of New Zealand, providing coverage between an area to the northeast, where ULVZ structure 
has been previously identiﬁed, and another region to the south, where prior evidence for a ULVZ was 
inconclusive. This area is of particular interest because the data sample across the boundary of the 
Paciﬁc Large Low Shear Velocity Province (LLSVP). The Weddell Sea region near Antarctica is also well 
sampled, providing new information on a region that has not been previously studied. A correlative 
scheme between a large database of 1-D synthetic seismograms and the observed ScP data demonstrates 
that ULVZs are required in both study regions. Modeling uncertainties limit our ability to deﬁnitively 
deﬁne ULVZ characteristics but also likely indicate more complex 3-D structure. Given that ULVZs are 
detected within, along the edge of, and far from the Paciﬁc LLSVP, our results support the hypothesis 
that ULVZs are compositionally distinct from the surrounding mantle and are not solely related to partial 
melt. ULVZs may be ubiquitous along the CMB; however, they may be thinner in many regions than can 
be resolved by current methods. Mantle convection currents may sweep the ULVZs into thicker piles in 
some areas, pushing these anomalies toward the boundaries of LLSVPs.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The solid silicate mantle and the liquid iron-nickel outer core 
meet at the core-mantle boundary (CMB), which represents the 
largest absolute density contrast on our planet. Many investiga-
tions have documented thermal and compositional heterogeneities 
along the mantle-side of this boundary, with seismological studies 
providing the most detailed information, especially at small scales 
(e.g., Hernlund and McNamara, 2015).
Along some portions of the CMB, structural heterogeneities 
identiﬁed as ultra-low velocity zones (ULVZs) have been detected. 
These laterally-varying structures have thicknesses on the order of 
tens of kilometers and are generally associated with reduced seis-
mic wave velocities and increased density. However, ULVZ proper-
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).ties vary amongst different studies (see review by Yu and Garnero, 
2018), making determination of the source of these anomalous 
structures challenging. Only ∼17% of the CMB has been surveyed 
for the presence of ULVZs (e.g., Yu and Garnero, 2018); thus, inves-
tigations with new CMB sampling geometries are desired to further 
constrain ULVZ origins.
The current study investigates ULVZ structure along previously 
unmapped sections of the CMB using core-reﬂections recorded 
by the Transantarctic Mountains Northern Network (TAMNNET), 
a 15-station seismic array that was recently deployed in Antarc-
tica (Fig. 1A; Hansen et al., 2015). Given the locations of these 
stations and an abundance of deep, large magnitude earthquakes 
from areas around the Paciﬁc, this study focuses on expanding 
ULVZ investigations in the southern hemisphere. More speciﬁcally, 
the TAMNNET data well sample the CMB adjacent to New Zealand, 
where previous studies have detected ULVZ structure to the north-
east, but not the northwest, and inconclusive evidence was found le under the CC BY-NC-ND license 
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Fig. 1. Map of TAMNNET stations and previous ULVZ studies in the southern hemisphere. (A) TAMNNET stations (white triangles), overlain on bedrock topography from the 
BEDMAP2 model (Fretwell et al., 2013; note: sediment thickness not included). The location of this map is highlighted by the green polygon in (B). (B) Previous ULVZ studies, 
as summarized by Yu and Garnero (2018). Similar to Yu and Garnero (2018), red areas indicate regions where ULVZs have been detected, blue areas indicate regions where 
no ULVZ evidence has been found, and yellow areas indicate regions where ULVZ structure is uncertain. Additionally, black squares denote average ScP CMB bounce points 
locations for events examined in the current study. The GyPSuM tomography model (Simmons et al., 2010) at 2800 km depth is shown in the background, with purple 
dashed lines highlighting the LLSVP boundaries. Again, the green polygon highlights the location of the map shown in (A).
Fig. 2. Ray path diagram and ScP pre- and post-cursors. (A) Paths of direct P-waves and core-reﬂected ScP waves are shown at various distances. The earthquake at 500 km 
depth is shown as a star, S-waves are shown as dashed gray lines, and P-waves are shown as black lines. The black box highlights the region where ULVZ interaction may 
occur. (B) ScP pre- and post-cursors resulting from the interaction with a ULVZ. Black and dashed gray lines denote P- and S-waves, respectively. Modiﬁed from Brown et al. 
(2015).to the south (Thorne and Garnero, 2004; Idehara et al., 2007; Pach-
hai et al., 2015). The current study ﬁlls the gap between these 
previously examined areas. Additionally, the New Zealand study 
area coincides with the edge of the Paciﬁc Large Low Shear Veloc-
ity Province (LLSVP); therefore, the possible relationship between 
ULVZs and LLSVPs can be examined (e.g., Li et al., 2017; Yu and 
Garnero, 2018). The TAMNNET data also provide coverage of a por-
tion of the CMB beneath the Weddell Sea, which is located far 
from any LLSVP and where no prior ULVZ studies have been con-
ducted. By identifying and modeling core-reﬂected ScP waveforms 
from TAMNNET, we provide evidence for ULVZs in both study ar-
eas, thereby contributing important information to CMB structural 
investigations and the possible source of ULVZs.
2. Background and previous studies
2.1. Exploring CMB structure
A variety of seismic phases have been used to investigate UL-
VZs. Some investigations have focused on diffracted seismic waves 
(Sdiff, Pdiff; e.g., Xu and Koper, 2009; Cottaar and Romanowicz, 
2012), including some phases that also pass through the outer core 
(PKPdiff, PKKPdiff, SPdKS; e.g., Rondenay and Fischer, 2003; Frost et al., 2013; Jensen et al., 2013). However, a challenge associated 
with employing some diffracted wave phases (e.g., SPdKS) is the 
ambiguity of whether imaged ULVZ structure is present along the 
CMB at the source- or receiver-side of the wave path. There are 
also challenges with diffracted phases such as Sdiff and Pdiff due 
to long CMB sampling paths. Other studies instead utilize reﬂec-
tions from the CMB (ScP, PcP, ScS; e.g., Rost and Revenaugh, 2003; 
Avants et al., 2006; Brown et al., 2015). When a core-reﬂected 
wave interacts with a ULVZ, pre- and/or post-cursor arrivals may 
be generated (Garnero and Vidale, 1999). Pre-cursor energy arrives 
before the main core-reﬂected phase and can be associated with 
conversions or reﬂections from the top of the ULVZ, which can oc-
cur if the ULVZ is relatively ﬂat (Yao and Wen, 2014; Brown et 
al., 2015). Post-cursor energy can arise from reverberations within 
the ULVZ layer and therefore appears as an arrival after the main 
core-reﬂected phase (Idehara et al., 2007). The current study fo-
cuses on ScP waves (Fig. 2). In the presence of a ULVZ, at least two 
ScP pre-cursors (SdP and SPcP) and one post-cursor (ScSP; Fig. 2) 
can be generated. Multiple reverberations in the ULVZ will arrive 
in the ScP coda, but they are typically too small in amplitude to 
be detected (Brown et al., 2015). The shape, timing, and ampli-
tude of the pre- and post-cursors are strongly dependent on the 
thickness and shape of the ULVZ as well as its density and velocity 
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dale, 1999; Reasoner and Revenaugh, 2000). Pre- and post-cursor 
arrivals are often small and therefore are more clearly visible when 
records are stacked. Further, by comparing the stacked ScP wave-
forms to stacked P waveforms, their differences can be studied to 
identify the pre- and post-cursor ULVZ energy (e.g., Reasoner and 
Revenaugh, 2000; Rost and Revenaugh, 2003).
2.2. Characteristics, structure, and possible origins of ULVZs
ULVZs are small-scale laterally-varying structures characterized 
by density increases (δρ) up to 20%, S-wave velocity reductions 
(δVS) from ∼7-50%, and P-wave velocity reductions (δVP) from 
∼5-20%, with a few studies suggesting δVP as high as 40% (see 
review by Yu and Garnero, 2018). While ULVZ thickness has been 
reported to vary from ∼2-100 km, thicknesses on the order of tens 
of kilometers are most common (e.g., Yu and Garnero, 2018). ULVZs 
have also been estimated to be up to ∼900 km wide (Cottaar and 
Romanowicz, 2012; Thorne et al., 2013), but they are more com-
monly reported with smaller lateral extent (e.g., 100-200 km). It is 
possible that many of the currently reported ULVZs are wider than 
indicated because thin, widespread ULVZs may fall below seismic 
resolution capabilities, which is typically ∼5-10 km (Rost et al., 
2010), depending on the seismic probe. We also note that this 
minimum detection thickness is dependent upon other ULVZ prop-
erties.
Some investigations attribute ULVZs to thermal anomalies along 
the CMB, possibly associated with partial melt. Numerous stud-
ies (e.g., Williams and Garnero, 1996; Garnero and Vidale, 1999; 
Reasoner and Revenaugh, 2000; Rost et al., 2006) have indicated 
an approximately 3:1 δVS:δVP ratio within ULVZs, consistent with 
5-30% partial melt (dependent on melt geometries; e.g., Williams 
and Garnero, 1996; Berryman, 2000). It has also been suggested 
that enhanced water content at the CMB could enable melting by 
lowering the eutectic point (Havens and Revenaugh, 2001) or that 
partial melt could accumulate along the CMB (Williams and Gar-
nero, 1996). A number of studies have also correlated ULVZs with 
overlying hotspot locations, which may indicate that ULVZs feed 
mantle plumes (Williams et al., 1998; Garnero, 2000; Cottaar and 
Romanowicz, 2012).
However, some ULVZs have been identiﬁed outside presumably 
hot portions of the lower mantle, and not all ULVZs show the 3:1 
δVS:δVP ratio associated with partial melt. In such cases, ULVZs 
are often attributed to compositionally distinct material associated 
with chemical heterogeneities along the CMB (e.g., Li et al., 2017). 
For example, chemical interactions between the mantle and the 
core may generate iron-enriched material (e.g., Knittle and Jean-
loz, 1991), such as iron-rich post-perovskite (Mao et al., 2006), 
and this might account for increased ULVZ density. Alternatively, 
remnants from subducted material (e.g., Hirose et al., 2005; Dob-
son and Brodholt, 2005) or remnant melt from crystallization of 
a basal magma ocean (Labrosse et al., 2007) have also been sug-
gested as possible sources for ULVZ compositional heterogeneities. 
Further, some studies suggest that ULVZs are seen outside hotter 
portions of the mantle because they exist everywhere along the 
CMB but that they often fall below the detection capability of cur-
rent methodologies (Rost and Thomas, 2010).
2.3. Possible relationship between ULVZs and LLSVPs
Seismic imaging of the Earth’s interior velocity structure reveals 
two LLSVPs in the lower mantle, one situated beneath the Paciﬁc 
and the other beneath Africa, which combined cover ∼30% of the 
CMB (Cottaar and Lekic, 2016). LLSVPs are large-scale structures, 
extending hundreds of kilometers above the CMB, which show δVS
of a few percent (Cottaar and Lekic, 2016; Garnero et al., 2016). Many ULVZs have been identiﬁed along the edges of or within 
LLSVPs, and the abundance of ULVZs tends to decrease with dis-
tance from LLSVPs; however, it is important to note that ULVZs 
have also been identiﬁed far outside these areas (Li et al., 2017; Yu 
and Garnero, 2018). If ULVZs are purely thermal features, it is ex-
pected that they would be located along the hottest portions of the 
CMB, which are within LLSVPs (Hernlund and McNamara, 2015; Li 
et al., 2017). In contrast, ULVZs found along the edges of LLSVPs 
are best described by compositionally distinct material (e.g., Li et 
al., 2017). ULVZs found far outside LLSVPs may be best explained 
by compositional origins, such as those described in Section 2.2.
Differentiating ULVZ origins, as well as their possible connec-
tion to LLSVPs, requires better sampling of the CMB. This study 
broadens CMB coverage within the southern hemisphere, mainly 
in the vicinity of New Zealand and along the coast of Antarctica 
(Fig. 1B).
3. Data and methodology
As noted in Section 1, data for the current study are provided 
by TAMNNET (Fig. 1A). Events with distances between 30-60◦ and 
with minimum magnitudes of 5.0 were selected, and using these 
criteria, the TAMNNET dataset yielded a total of 1086 events. How-
ever, from visual inspection, only 315 events displayed clear core-
reﬂected ScP waveforms, and these events form the basis for our 
study. Using records from all the TAMNNET stations, the maximum 
ScP CMB bounce point spread for the selected, individual events 
ranges from ∼70-125 km. Across these distances, individual ScP 
waveforms for a given event are fairly coherent (see Supplemental 
Material). The average CMB bounce point locations for these events 
are shown in Fig. 1B.
For each event, the recorded waveforms were rotated to the 
P-SV-SH coordinate system so that we could focus on the longi-
tudinal component. All data were bandpass-ﬁltered between 0.50-
1.50 Hz, which has been shown to be an effective frequency band 
to study P and ScP phases for CMB structure (e.g., Rost et al., 
2005), and using the IASP91 reference model (Kennett and Eng-
dahl, 1991), the predicted P and ScP arrival times were determined 
and marked on the seismograms. The waveforms for each earth-
quake were initially aligned using these predicted times (Fig. 3), 
were normalized in amplitude, and were averaged to create lin-
ear P and ScP stacks. Next, each individual waveform was cross-
correlated with the P and ScP linear stacks, respectively, to de-
termine a cross-correlation coeﬃcient (CCC) and delay time. The 
individual waveforms were then time-shifted by the correlated de-
lay times to improve alignment of the respective signal (i.e., the P 
or ScP). The waveforms were also weighted based on their signal-
to-noise ratio (SNR) and associated CCC (see Supplemental Mate-
rial). The aligned, weighted waveforms were then restacked. This 
process of cross-correlation, realignment, weighting, and restacking 
was iteratively repeated until the CCC between the newly created 
stack and the previous stack is greater than 0.95. This approach 
ensured that the waveforms were best aligned to create represen-
tative P and ScP stacks. One standard deviation was also computed 
for the ﬁnal stacks (Fig. 3).
ScP phases travel a greater distance through the Earth’s interior 
than direct P-waves and hence experience more attenuative energy 
loss; therefore, in order to compare the P and ScP stacks, the P-
wave signals must be adjusted to account for any extra attenuation 
experienced by the ScP waves. This is accomplished by convolving 
the P-wave stack with a t* operator, which represents the accumu-
lated attenuation along the ray path (e.g., Futterman, 1962; Rost 
et al., 2005). For each event, a series of t* operators, ranging from 
0.10 to 2.30, were convolved with the P-wave stack, which were 
then compared to the associated ScP stack. The t* which produced 
an attenuated P-wave response that most closely matched the as-
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Fig. 3. Examples of P and ScP alignment and stacking. Waveforms correspond to an event that occurred on February 12, 2013 recorded by TAMNNET. The normalized P-waves 
(A) and ScP-waves (B) are originally aligned on their predicted arrival times from the IASP91 reference model (Kennett and Engdahl, 1991), which are marked by the dashed 
lines in (A) and (B). Using the correlation and weighting scheme outlined in the text, the waveforms are realigned on the waveform peak (C and D) and are stacked (E and 
F). In (C) and (D), the realigned waveforms (solid black traces) are shown in comparison to the respective stack (dotted gray traces). Station names are displayed on the left 
above each trace and CCCs are displayed on the right. The dashed vertical lines in these panels mark the peak of each arrival. In (E) and (F), one standard of deviation is also 
plotted around the stack (gray shaded area). Differences between the P and ScP signals, such as those illustrated here, are indicative of ULVZ structure and form the basis for 
our analysis.sociated ScP signal (see Supplemental Material) was selected. The 
CCC between the t*-convolved P and the ScP waveforms was used 
to determine the best match, but all comparisons were also visu-
ally reviewed.
Each of the 315 selected events were individually processed us-
ing the steps outlined above and were then sorted into groups with A, B, or C rankings (see Supplemental Material). A-ranked 
events have the highest SNR, with a clear P and ScP peak and low 
noise over a 5-10 s window before or after the arrivals. An event 
was given a B ranking if it displays a clear P and ScP peak but 
has a higher noise level. Finally, an event was given a C ranking 
if it contains signiﬁcant noise before the P arrival, if the P-wave 
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Of the 315 analyzed events, 21 events were given an A ranking, 
while 50 events were given a B ranking (see Supplemental Mate-
rial). These 71 events all have CMB reﬂection points either in the 
vicinity of New Zealand or beneath the Weddell Sea, and they will 
be the focus of further analysis to assess potential ULVZ structure. 
The remaining 244 C-ranked events were not examined further.
All A- and B-ranked events were also examined to ensure the 
polarity has not switched between the P and ScP waveforms. This 
can occur if the radiation pattern of the earthquake is not consis-
tent for the direct P-wave and the initial SV wave. Since the ScP 
waveform begins as an SV wave, it is possible that the P and ScP 
waveforms may have opposite polarities. While the radiation pat-
tern of the earthquakes can be obtained, for instance, from the 
Harvard centroid moment tensors (CMTs; Dziewonski et al., 1981; 
Ekström et al., 2012), these CMTs are derived from long-period 
data, and it is not uncommon for high frequency data (∼1 Hz) 
to display different ﬁrst motions than that predicted by the CMTs. 
Given this, a different approach was taken to assess polarity. The 
ScP stack was compared to the P stack both with normal and re-
versed polarity (i.e., the original P-stack is ﬂipped upside down). 
The CCC was used as a guide to determine if the reversed polarity 
provides a better match between the ScP and P waves.
4. Quantifying ULVZ energy
To assess potential ULVZ-related signal in our data, the attenu-
ated P-wave stacks were subtracted from their corresponding ScP 
stacks (after aligning their peaks and normalizing their amplitudes 
to unity) to construct remainder traces for all A- and B-ranked 
events, thereby highlighting the differences between them. If there 
is no pre- or post-cursor energy associated with ULVZ structure, 
the remainder trace will be relatively ﬂat. However, if pre- or post-
cursor energy is present, the remainder trace will display residual 
signal that is present in the ScP stack but not in the P stack (Fig. 4).
For each remainder trace, a ﬁve-second window centered on 
the ScP peak was deﬁned, and the sum of the absolute amplitudes 
within this window deﬁned the residual signal for that event, 
where high residuals are consistent with energy from ULVZ struc-
ture (Fig. 4). The window is large enough that it encompasses the 
dominant pre- and post-cursor ScP energy above the standard de-
viation uncertainty of the remainder trace for the examined events 
(see Supplemental Material). Outside this window, any ULVZ en-
ergy present in our data tends to fall below the uncertainty level, 
making it diﬃcult to distinguish. The residual signal was normal-
ized using the sum of the absolute amplitudes within two addi-
tional time windows: one 3.5 seconds before the residual signal 
and one 2.5 seconds after (Fig. 4). These two windows deﬁne the 
typical noise conditions in the vicinity of the ScP arrival. By divid-
ing the residual signal by the normalizing amplitudes, we deﬁned 
a normalized residual value (NRV) that establishes the strength of 
any ULVZ signal. That is, a NRV of approximately one indicates 
there is no ULVZ-related energy in our data, while a higher NRV is 
consistent with ULVZ energy. The NRV values are mapped to their 
CMB bounce point locations in Figs. 5A and 5B. When individu-
ally inspected, we could not conﬁdently identify ULVZ pre- and/or 
post-cursor energy for events with NRV values less than 1.25. Of 
the 71 events examined, 31 had NRV values below this threshold 
(marked by small x’s on Fig. 5), and these events were not assessed 
further.
5. Synthetic modeling
As shown in Fig. 5, numerous examined events in the vicinity 
of New Zealand and within the Weddell Sea display signiﬁcant ev-
idence for ULVZ structure. To examine these events further, 1-D Fig. 4. Remainder traces and comparison of ULVZ energy. (top) Comparison of at-
tenuated P-wave stacks (dashed gray traces) and ScP stacks (black traces) for events 
that occurred on (A) December 17 and (B) December 4, 2013, respectively. Note 
that these traces are very similar in (A), indicating no ULVZ energy, while the dif-
ferences in (B) highlight ULVZ pre- and post-cursors. (bottom) Remainder traces for 
each event. Again, event (B) shows signiﬁcant variability, indicative of ULVZ pre-
and post-cursor energy. Boxes denote where the remainder trace is windowed to 
quantify the residual signal (RS) and the normalizing amplitudes (NA), respectively. 
The RS window encompasses the pre- and post-cursor ULVZ energy.
modeling was employed to estimate the range of ULVZ parame-
ters (i.e., thickness, δVP, δVS, δρ) that ﬁt our observed waveforms. 
Additionally, we wanted to investigate possible tradeoffs between 
ULVZ characteristics (such as between thickness and velocity re-
duction) and to also assess how the data are ﬁt by a model without 
a ULVZ.
Given their clear P and ScP arrivals, modeling efforts were fo-
cused on A-ranked events. Further, each event had to meet cer-
tain criteria to be eligible for modeling. First, the corresponding 
remainder trace NRV was required to be above 1.75. Through vi-
sual inspection, it was determined that this threshold ensured 
signiﬁcant signal associated with ULVZ structure, as deﬁned in 
Section 4. Second, in some cases, variability between waveforms 
from different stations contributing to the stack was observed, so 
the corresponding standard deviation of the ScP stack was ex-
amined. For each data point in the stack, the standard deviation 
was determined for the normalized ScP peak, and the average was 
then computed. Events with average standard deviations of 0.70 or 
lower showed consistent ULVZ signals across all examined stations 
and therefore station variability did not signiﬁcantly affect the ScP 
stack; therefore, only these events were considered. Further, we re-
quired that ScP pre- and post-cursor energy in the remainder trace 
must exceed an estimation of uncertainty, which we deﬁned as one 
standard deviation of the remainder trace (see Supplemental Ma-
terial). Together, these criteria ensure the best possible constraints 
for ULVZ modeling. Ultimately, only 14 events (Table 1) met all the 
stringent modeling criteria.
Synthetic ScP waveforms were calculated using the generalized 
ray method (GRM; e.g., Gilbert and Helmberger, 1972), and the 
ScP phase, along with its SdP and SPcP pre-cursors and ScSP post-
cursor, were modeled. The synthetic waveforms were computed for 
the range of epicentral distances covered by the data. Further, for 
completeness, we wanted to explore the range of ULVZ parameters 
found in previous investigations (see Section 2.2 and review by Yu 
and Garnero, 2018). More speciﬁcally, the thickness of the ULVZ 
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Fig. 5. ULVZ NRV maps. Remainder trace NRV for each event, plotted at the corresponding ScP CMB bounce point location in the vicinity of New Zealand (A) and the 
Weddell Sea (B). Darker markers indicate higher residual signal, consistent with a ULVZ. B-ranked events where the NRV was too low to conﬁdently discern possible pre- or 
post-cursor signals are denoted by x’s. Black dashed line in (A) highlights the LLSVP boundary as identiﬁed by the GyPSuM tomography model (Simmons et al., 2010).Table 1
Events modeled using the 1-D Generalized Ray Method. Event dates are shown as 
(month/day/year). Location corresponds to the CMB bounce point locations, which 
are reported as either in the New Zealand (NZ) area or the Weddell Sea (WS). The 
NRV and average standard deviation of the remainder traces are also provided. Ad-
ditional event details are provided in the Supplemental Material.
Event date Location NRV Average standard 
deviation
11/24/12 NZ 2.00 0.54
11/29/12 NZ 1.97 0.34
02/12/13 NZ 1.85 0.61
02/16/13 NZ 2.92 0.48
04/26/13 NZ 3.89 0.29
06/15/13 NZ 2.03 0.48
07/29/13 WS 2.58 0.67
11/03/13 WS 2.09 0.60
11/23/13 NZ 2.06 0.47
12/04/13 NZ 7.78 0.22
02/01/14 WS 3.10 0.37
06/20/15 WS 2.62 0.63
06/21/15 NZ 3.81 0.37
09/07/15 NZ 4.31 0.29
was varied from 2 to 40 km in 2 km increments, and δρ of 0%, 
10%, or 20% within the ULVZ were allowed. δVP and δVS ranged 
from 2 to 20% and 2 to 50%, respectively, in 2% increments. We 
also included a model without a ULVZ. Ultimately, a total of 17,141 
different 1-D ULVZ models were tested.
For each event listed in Table 1, a Hanning-tapered P-wavelet 
was extracted from the attenuated P-wave stack using a 10 s time 
window centered on the maximum P-wave amplitude. The wavelet 
was then convolved with the synthetic spike trains generated by 
the GRM method to create synthetic waveforms for each examined 
ULVZ model. The most extreme ULVZ parameters result in pre-
and post-cursors that can arrive 15-20 s before or after the main 
ScP peak (see Supplemental Material); therefore, to assess the full 
range of tested models, the synthetics were aligned with the data 
on the ScP peak, centered within a 40 s time window. The syn-
thetics and observations were cross-correlated within this window, 
and a higher CCC (i.e., closer to one) indicates a better model ﬁt. 
It is worth noting that the synthetics and observations were also 
compared by subtracting them from one another to create a re-
mainder trace, similar to the approach described in Section 4, and 
the absolute value of the remainder trace amplitudes was summed 
to generate a measure of misﬁt (i.e., smaller misﬁt values indicate 
greater similarity between observations and predictions). However, the best-ﬁt models determined by this approach were found to 
be very dependent on the window length over which the signals 
were compared, while those determined by the cross-correlation 
approach were independent of window length and hence more ro-
bust (see Supplemental Material).
As summarized in Table 1, ten events in the vicinity of New 
Zealand and four events beneath the Weddell Sea met the model-
ing criteria outlined above. The ULVZ parameters associated with 
the top 10 best-ﬁt synthetic models for each event (i.e., those 
models with the 10 highest CCC values, as noted above) are sum-
marized in Fig. 6, with the New Zealand events plotted in the top 
row and the Weddell Sea events plotted in the bottom row. Each 
subplot illustrates a comparison between different ULVZ parame-
ters in order to assess any possible tradeoffs in the model space. 
We note that some models meet the best-ﬁt criteria for more 
than one examined event and hence plot on top of each other in 
this ﬁgure. Two main observations can be made from Fig. 6. First, 
there is no discernible tradeoff between ULVZ parameters. This is 
discussed further in Section 6.2 below. Second, a majority of the 
best-ﬁt models are distinguishably different from a model lacking 
a ULVZ (which would plot in the lower left corner of each subplot 
on Fig. 6), emphasizing that these events are better described by a 
lowermost mantle having a ULVZ. That being said, for a given New 
Zealand event (Fig. 6, top row), the range of the top 10 CCC val-
ues only varied by ∼0.6%, on average, from one another. Similarly, 
for a given Weddell Sea event (Fig. 6, bottom row), the top CCC 
values only varied by ∼1.0%, on average. In other words, Fig. 6 il-
lustrates that there is a range of possible models that ﬁt the data. 
This range is further illustrated in Fig. 7, where the top 5%, 10%, 
20% and 40% best-ﬁt models are denoted by progressive shading. 
Fig. 7 also provides a comparison between the observed waveform 
and the synthetic waveform from the top best-ﬁt model for each 
event (determined by the CCC, as discussed above). For all mod-
eled events, the CCC of the best-ﬁt ULVZ model is distinguishably 
larger than a reference model with no ULVZ, again emphasizing 
that the events are better described by a ULVZ-inclusive model.
6. Discussion and interpretation
6.1. ULVZ classiﬁcation
As discussed in the previous section, 14 events met our rig-
orous synthetic modeling criteria and showed robust evidence for 
ULVZ structure. That said, a conservative approach was taken to in-
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Fig. 6. ULVZ parameters for the top 10 best-ﬁt synthetic models. Plots show (left) ULVZ thickness versus percent δVS, (middle) ULVZ thickness versus percent δVP, and (right) 
δVP versus δVS. In all panels, black dots correspond to synthetic models with δρ = 0%, gray bold circles correspond to models with δρ = 10%, and thin gray circles correspond 
to models with δρ = 20%. The top row corresponds to the New Zealand (NZ) events, while the bottom row corresponds to the Weddell Sea (WS) events. As noted in the text, 
some models meet the best-ﬁt criteria for more than one of the examined events and hence plot on top of one another. This comparison of the different ULVZ parameters 
was conducted to assess any possible tradeoffs in the model space.terpret these data, and it is quite likely that other examined events 
indicate the presence of ULVZ as well. For instance, if the remain-
der trace NRV threshold is increased to 2.00 (meaning the amount 
of residual signal is at least two times greater than the normaliz-
ing amplitudes), whether the events meet the standard deviation 
criteria or not, 16 additional events (beyond the ten in Table 1) 
support ULVZ evidence in the New Zealand region (Fig. 8A). That 
is, with this somewhat less conservative approach, the number of 
data suggesting ULVZ structure increases by roughly 1.5. For most 
of these additional events, the variability amongst waveforms at 
different TAMNNET stations is too high to have strong conﬁdence 
in ULVZ presence. We thus conservatively mark these other sam-
pled portions of the CMB as uncertain areas (Fig. 8A).
For the Weddell Sea region, the rigorous synthetic modeling cri-
teria yielded four events that showed robust evidence for ULVZ. 
However, a NRV threshold of 2.00 (as above) does not provide 
any additional events with ULVZ evidence for this region (Fig. 8B). 
Overall, there were fewer events in this area (Figs. 1B and 5) and 
many were too noisy to interpret. The four modeled events are 
important because they show ULVZ evidence in a previously unex-
amined region of the CMB. These data provide the southernmost 
ULVZ sampling on Earth (Fig. 1B; Yu and Garnero, 2018).
6.2. Interpreting synthetic modeling results
The model space for the best-ﬁt New Zealand ULVZ parame-
ters is quite heterogeneous (Fig. 6, top row). Out of the top 10 
best-ﬁt models for all the New Zealand events, 19% have an ap-
proximate 3:1 δVS:δVP ratio, consistent with partial melt (e.g., 
Williams and Garnero, 1996; Berryman, 2000), but the remaining 
models suggest different velocity ratios. The δVS and δVP as well 
as the δρ encompassed by these models span the examined range 
of these three parameters. Interestingly, based on ULVZ thickness, 
there appears to be two distinguishable groups of top 10 best-
ﬁt models: one with ULVZ thickness between 2-16 km and the 
other with ULVZ thickness between 32-38 km. That being said, all 
of the top 10 best-ﬁt models with the larger ULVZ thickness cor-respond to event 02/16/2013, which is the southernmost modeled 
New Zealand event (Figs. 7–8A). This might indicate a thicker ULVZ 
in this location or a ULVZ of varying thickness.
For the Weddell Sea events, the model space is somewhat less 
heterogeneous (Fig. 6, bottom row). The δVP values span the ex-
amined parameter range, which is due to the fact that the ScP 
pre-cursors are most sensitive to δVP but are also lower in ampli-
tude than the ScSP post-cursor (Brown et al., 2015). However, all of 
the best-ﬁt models have δVS greater than 32% and have ULVZ layer 
thicknesses between 4-10 km. δρ is somewhat varied, though it 
does appear to be higher for models with a larger δVP. Out of all 
the top 10 best-ﬁt models for the Weddell Sea events, 25% have 
an approximate 3:1 δVS:δVP ratio, with the other models indicat-
ing different velocity ratios.
As noted previously, the range of models that ﬁt the data are 
also highlighted in Fig. 7. We reiterate that the top best-ﬁt models 
(red traces on Fig. 7) are purely deﬁned by the highest CCC values, 
as discussed in Section 5. It is important to note that for some 
events, the best-ﬁt synthetic may be only marginally better than 
a model with different ULVZ characteristics. Further, the best-ﬁt 
model for some events is only slightly better than a model with 
no ULVZ, even though all the modeled events met the robust ULVZ 
identiﬁcation criteria.
Given the range of models that ﬁt our examined events, we 
cannot uniquely constrain detailed ULVZ properties; however, our 
ﬁndings still provide interesting insights. The New Zealand dataset 
is sampling a large geographic area (Fig. 8A), and the greater de-
gree of heterogeneity that we see in these results (Figs. 6–7) may 
suggest that we are probing different ULVZs, which could have 
different thicknesses from one another. Alternatively, we may be 
sampling a continuous ULVZ but with variable characteristics (i.e., 
thickness, δVP, δVS, δρ). In either case, the ULVZ(s) may also be as-
sociated with complicated 3-D structure. One potential line of evi-
dence for such 3-D structure is the fact that the additional arrivals 
surrounding ScP that are above the noise level are predominantly 
post-cursors, with pre-cursors being less common (Figs. 3, 4, and 
7). This does not preclude pre-cursors obscured by noise. Previous 
8 S.E. Hansen et al. / Earth and Planetary Science Letters 536 (2020) 116142Fig. 7. Synthetic modeling. Event dates and locations are listed on the upper left (NZ: New Zealand; WS: Weddell Sea). The observed ScP stack for each event is plotted as 
a black trace, with its best-ﬁt synthetic shown by a red trace. For comparison, a synthetic seismogram for a model with no ULVZ present is shown by a green trace. On 
the upper right, the ULVZ parameters associated with the best-ﬁt synthetic model are listed (TH: ULVZ layer thickness; δVP, δVS, δρ: VP, VS, and density variations). We 
emphasize that the best-ﬁt synthetic is the 1-D model with the highest CCC value, as described in the text. This CCC value as well as the percent CCC improvement over a 
model without a ULVZ (in parenthesis) is also provided. Gray shaded areas on each panel illustrate increased misﬁt, with the top 5% best-ﬁt models highlighted in dark gray 
and the top 10%, 20%, and 40% best-ﬁt models denoted by progressively lighter shades of gray.
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Fig. 8. ULVZ summary. Maps summarizing ULVZ evidence in (A) the vicinity of New Zealand and (B) the Weddell Sea. Contributions from the current study are shown by dots 
with bold black outlines, and as on Fig. 1B, red areas highlight regions where ULVZ evidence has been detected, yellow areas indicate where ULVZ evidence is uncertain, and 
blue areas highlight where ULVZ evidence is not identiﬁed. Letters denote previous studies. A: Thorne and Garnero (2004); B: Pachhai et al. (2015); C: Idehara et al. (2007). 
The purple dashed line in (A) highlights the Paciﬁc LLSVP boundary as identiﬁed by the GyPSuM tomography model (Simmons et al., 2010).work has noted the evidence for 3-D structure in ULVZ modeling 
when pre-cursors are absent but post-cursors are present (Brown 
et al., 2015). We note that, as discussed in Section 2.1, pre-cursors 
are often associated with reﬂections from the top of a relatively 
ﬂat ULVZ (Yao and Wen, 2014). The fact that pre-cursors are less 
dominant in the examined dataset may suggest ULVZs with to-
pography. Further, if the ULVZs were accurately described by 1-D 
structure, inherent modeling tradeoffs between ULVZ parameters, 
speciﬁcally between thickness and velocity reduction, would be 
expected (i.e., a thicker ULVZ with a smaller velocity reduction is 
expected to tradeoff with a thinner ULVZ with a larger velocity 
reduction; Garnero and Helmberger, 1998). However, as noted in 
Section 5, such tradeoffs are not readily observed (Fig. 6).
The Weddell Sea events sample a smaller geographic region 
(Fig. 8B) and display fairly consistent ULVZ parameters, especially 
in terms of thickness and δVS. Their larger δVS could possibly in-
dicate high levels of partial melt, perhaps associated with mixing 
of material from the mantle and the outer core; however, as noted 
above, only 25% of the best-ﬁt Weddell Sea models suggest an ap-
proximate 3:1 δVS:δVP ratio. Further, all of the ScP CMB bounce 
points in this area lie within a high velocity, presumably cool re-
gion of the lower mantle (Fig. 1B). Given that the δVS tend to 
cluster at the more extreme end of the examined parameter space, 
coupled with the wide range of δVP (Fig. 6, bottom row), these 
results may also indicate complex 3-D ULVZ structure.
We emphasize that there is still strong conﬁdence that the ex-
amined events contain ULVZ energy, given the rigorous criteria 
outlined in Section 5. However, the wide range of ULVZ parameters 
encompassed by the best-ﬁt New Zealand models, along with the 
more extreme δVS obtained for the Weddell Sea events (Figs. 6–7), 
strongly suggest the detected ULVZs are not simple 1-D structures. 
More computationally intensive 3-D modeling of ScP, combined 
with a larger sampling of events over smaller geographic areas 
(which is not available with the TAMNNET dataset), would be re-
quired to better constrain any 3-D ULVZ structure.
6.3. ULVZ interpretations
The detection of ULVZs near New Zealand provided by the 
current study is largely consistent with previous results, where 
available, and helps to bridge prior investigations (Fig. 8A). The 
northeast portion of the New Zealand study area coincides with 
a region where the global study by Thorne and Garnero (2004)
found ULVZ evidence. Thorne and Garnero (2004) also examined an area further to the south, where their ULVZ results were incon-
clusive. These ﬁndings are similar to those in the current study. 
To the northwest of New Zealand, Pachhai et al. (2015) presented 
evidence for a multi-layer ULVZ structure in a region where the 
current study ﬁnds possible but uncertain ULVZ evidence. We did 
not explore layered ULVZ models due to the large parameter space 
and the available constraints from our waveforms. In contrast, Ide-
hara et al. (2007) did not ﬁnd ULVZ evidence in the northwestern 
part of the study area (Fig. 8A). It is worth noting, however, that 
different studies using different wave path geometries may ﬁnd 
conﬂicting ULVZ results. For example, further to the north of our 
study region, Rost et al. (2010) suggested a ULVZ within the Pa-
ciﬁc LLSVP east of Australia in an area where Idehara et al. (2007)
did not ﬁnd ULVZ evidence. As previously discussed, such discrep-
ancies may be due to 3-D ULVZ complexities.
From Fig. 8A, our results near New Zealand show ULVZs con-
centrated around the edge of the Paciﬁc LLSVP. The exact location 
of the LLSVP boundary depends on the seismic tomography model 
examined (e.g., Garnero et al., 2016), though Cottaar and Lekic 
(2016) argue that the LLSVP boundaries across all seismic tomog-
raphy models are fairly similar. Regardless of which tomography 
model is used, the TAMNNET dataset samples both within and 
outside of the Paciﬁc LLSVP and indicate ULVZ evidence along its 
boundary, which may be associated with chemically distinct struc-
tures moved by mantle convection currents (see Section 2.3). Li 
et al. (2017), for instance, illustrated this concept using geody-
namical models of the lower mantle, which were run with three 
distinct compositions: one for the background mantle, a denser 
composition for a thermochemical pile (to represent LLSVPs), and a 
third composition to represent ULVZs. In these models, the ULVZs 
quickly move towards the edges of the thermochemical pile and 
accumulate in asymmetrical shapes, which is consistent with the 
ULVZs having complex 3-D structure. Our ULVZ evidence near New 
Zealand (Fig. 8A), combined with evidence for non-1-D structure, 
is consistent with this hypothesis.
As noted in Section 6.2, all of the ScP bounce points beneath 
the Weddell Sea lie within a high velocity, cool region of the lower 
mantle (Fig. 1B), far from either the Paciﬁc or African LLSVPs. 
While no prior ULVZ studies have been performed in this geo-
graphic area, previous studies have found ULVZ evidence in other 
cool, fast regions of the lower mantle (e.g., Revenaugh and Meyer, 
1997; Rondenay and Fischer, 2003; Thorne and Garnero, 2004; Rost 
and Garnero, 2006; Xu and Koper, 2009; Jensen et al., 2013; Yao 
and Wen, 2014; Pachhai et al., 2015). Together, these results fur-
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Fig. 9. Cartoon illustrating the possible relationship between ULVZs and LLSVPs. ULVZs (dark gray) may exist everywhere along the CMB, but they sometimes fall below the 
detection threshold (dashed line). Mantle convection currents (black arrows) sweep the ULVZs toward the edges of LLSVPs (light gray).ther support the concept that ULVZs have a compositional origin, 
as opposed to a solely thermal origin, or that different mechanisms 
can lead to ULVZ-type velocity reductions at the CMB.
Currently, about 95% of the Antarctic Plate is surrounded by 
mid-ocean ridge spreading centers, with subduction only poten-
tially occurring in the vicinity of the Shetland Plate (Bird, 2003). 
The northwest border of the Shetland plate is deﬁned by the South 
Shetland Trench, which is a remnant of a subduction zone that 
once extended along the western margin of the Antarctic Peninsula 
(e.g., Hawkes, 1981). Up until ∼3-4 Ma, the oceanic Phoenix plate 
subducted to the southeast beneath Antarctica at the South Shet-
land Trench; however, collision between the trench and a spread-
ing ridge on the opposite side of the Phoenix plate caused subduc-
tion to slow or completely cease (e.g., Klepeis and Lawver, 1996), 
and there is debate on whether subduction occurs along the South 
Shetland Trench today (e.g., Alfaro et al., 2010). Whether the sub-
ducted Phoenix Plate has reached the CMB is uncertain, but the 
introduction of this material into the lower mantle could provide a 
compositional source for ULVZs, a possibility advocated by mineral 
physics experiments on basaltic oceanic crust (Hirose et al., 2005).
Alternatively, chemical reactions between the silicate lowermost 
mantle rock and the ﬂuid iron core (Knittle and Jeanloz, 1991) 
may result in ULVZs everywhere along the CMB, though they may 
fall below seismic detection thresholds in some locations (Reve-
naugh and Meyer, 1997; Rost et al., 2010). Convection currents 
could sweep the ULVZ material into thicker, and therefore de-
tectable, piles in certain areas, and this may be occurring beneath 
the Weddell Sea. Similar to the idea proposed by Li et al. (2017), 
ULVZ piles should eventually be swept towards areas of mantle up-
welling (e.g., LLSVPs), as depicted in Fig. 9. If this is the case, the 
ULVZs near New Zealand may be associated with chemical anoma-
lies that have reached the LLSVP boundary, while those beneath 
the Weddell Sea may be currently migrating towards the African 
LLSVP.
7. Conclusions
This study has examined ScP waveforms recorded by the 
Antarctic TAMNNET deployment to further ULVZ investigations in 
the southern hemisphere. The CMB beneath two geographic ar-
eas is well sampled: one in the vicinity of New Zealand and the 
other beneath the Weddell Sea. Both study areas encompass new 
portions of the CMB that have not previously been investigated 
for ULVZ structure. Employing rigorous data quality and model-
ing criteria, ten ScP events with CMB bounce points near New 
Zealand and four events with bounce points beneath the Wed-
dell Sea show robust evidence for pre- and post-cursor ScP energy 
from ULVZ structure. However, considering slightly lower quality 
data yields an additional 16 events sampling the CMB near New 
Zealand that show plausible evidence for ULVZs. The TAMNNET 
dataset is dominated by ScP waves mostly having post-cursor en-
ergy, and combined with a broad parameter range for permissible 
ULVZ solution models, may point to complex 3-D ULVZ structure. While ULVZ parameters (i.e., thickness, δVP, δVS, δρ) cannot be 
uniquely determined with this dataset, ultra-low velocities are 
clearly required, and standard reference models cannot reproduce 
the observed waveforms. The sampled locations requiring ULVZs 
are consistent with a chemically distinct origin, as they are found 
both along the edges of and far outside of LLSVPs (i.e., the putative 
hottest lowermost mantle regions). A number of sources might 
relate to such chemically distinct origins, including melt residue 
from fractional crystalization of a basal magma ocean, chemi-
cal reactions along the CMB, such as iron-rich post-perovskite, or 
subducted material. Mantle convection currents may sweep com-
positionally distinct ULVZs toward the boundaries of LLSVPs, such 
as the region near New Zealand where ULVZs have been identi-
ﬁed. ULVZs observed beneath the Weddell Sea may be currently 
migrating towards the African LLSVP.
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